We present an experimental study of surface wave fields in single-and double-slit experiments with single wave-driven droplets of silicone oil that bounce on a vertically vibrated bath of the same liquid. During slit passage, we observe significant reduction of the central wave crest behind the droplet and disruption of the horseshoe-shaped wave field that is characteristic of a droplet over flat topography. In the double-slit experiments, we find a weak wave field in and through the slit that is not visited by the droplet, and there are only minute differences between the single-and double-slit experiments in the wave field along the center line of the slit that is visited by the droplet. We discuss our observations in relation to the slit experiments by Couder and Fort [Phys. Rev. Lett. 97, 154101 (2006)] and Pucci et al.
I. INTRODUCTION
A millimetric droplet of silicone oil can bounce indefinitely on the surface of a vertically vibrated bath of the same liquid [1] . Surprisingly, at vibration amplitudes just below the threshold for Faraday surface waves, a droplet can self-propel horizontally over the surface due to the waves that are generated as it bounces [2] . Such wave-driven droplets have recently been the subject of intense studies to explore both their fascinating fluid dynamics [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] and their thought-provoking relation to quantum mechanics [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . The exploration of the relation to quantum mechanics was pioneered by Couder and Fort, who pointed out the similarity between wave-driven droplets and de Broglie's picture of quantum particles propelled by "pilot-waves" [15] . The similarity led Couder and Fort to perform single-and double-slit experiments with single wave-driven droplets [15] and to contrast the double-slit experiment with the celebrated double-slit experiment in quantum mechanics [31] [32] [33] . Based on observed droplet trajectories Couder and Fort concluded that an interference pattern in the single-particle statistics is produced due to interference between surface wave components that pass the two slits while the droplet passes the one or the other slit [15] . The conclusion by Couder and Fort has been questioned in subsequent studies [26, 27] , and recently Pucci, Harris, Faria, and Bush have determined the single-particle statistics for both single and double slits in a refined experiment and demonstrated that the statistics are qualitatively different from the Fraunhofer diffraction and interference expressions suggested by Couder and Fort [28] . Moreover, quantitative observations of surface wave fields in slit experiments remain to be reported.
In this paper, we present an experimental study of surface wave fields in single-and double-slit experiments with single wave-driven droplets. The main purpose of our work is to characterize the wave components that pass through the two slits in the double-slit experiment and to explore the interference hypothesis stated by Couder and Fort [15] : "It can be noted that a given droplet is observed to go through one or the other of the slits. However its associated wave passes through . The container rim (black, inner diameter 200.0 mm) encloses the silicone oil bath that consists of deep areas where the surface waves can be excited and the wave-driven droplets move (green, depth 4.10 ± 0.03 mm and dark blue, depth 3.1 ± 0.1 mm) and shallow areas over subsurface structures (gray, depth 0.6 ± 0.1 mm). In the dark blue region the wave-driven droplets are guided toward a launcher that aims at the single slit or the "upper" slit in the double-slit configuration. The liquid layer is indicated in light blue in the vertical cross-sections in panels (c) and (d).
both slits and the interference of the resulting waves is responsible for the trajectory of the walker." Despite their equal significance, wave fields have received little attention in comparison with the extensive studies of trajectories of wave-driven droplets. A few studies have been made of wave fields due to droplets over flat topography [5, 7, 8] , near a straight subsurface barrier [9] [10] [11] , and near a circular subsurface pillar [10, 13] . However, only trajectories and qualitative wave field images have been reported in single-and double-slit experiments [11, 15, 26, 28] . Quantitative exploration of wave fields in complex topography is therefore crucially needed to develop models of diffraction of wave-driven droplets.
II. EXPERIMENTS
Throughout our experiments, we used a circular cell with interchangeable insets (Fig. 1) . The bottom of the cell consisted of a circular disk of glass that was sandwiched at its rim between a lower and an upper aluminum ring. The cell was connected firmly by an ABS plastic cone to the table of a Brüel & Kjaer 4808 vibration exciter that was leveled and mounted on a heavy optical breadboard. The cell was forced vertically with simple harmonic motion that was controlled by means of a feedback system consisting of a Spider 81B box and a Deltatron 4533-B-001 accelerometer mounted vertically on the lower aluminum ring. It is important to ensure uniformity of the vertical acceleration and to avoid horizontal accelerations of the cell [34] . With typical working parameters, we found a 1% variation in the vertical acceleration and horizontal acceleration with amplitude of less than 2% of the vertical acceleration amplitude. During the runs, a transparent lid of PMMA plastic was mounted with screws on top of the container rim to avoid disturbances due to ambient air currents.
Different single-and double-slit configurations were established by placing insets with subsurface barriers of aluminum on the glass bottom (Fig. 1) . The subsurface barriers were 3.5 ± 0.1 mm in height and 5.0 ± 0.1 mm in horizontal thickness. We carried out the experiments using narrow slits with widths w = 5.7 ± 0.1 mm and wide slits with widths w = 15.0 ± 0.1 mm, respectively. The central subsurface barriers in the double-slit configurations were 5.0 ± 0.1 mm wide, and the corresponding distances between the slit centers in the double-slit experiments were therefore d = 10.7 ± 0.1 mm and d = 20.0 ± 0.1 mm, respectively. The filling depth of the cell was 4.10 ± 0.03 mm in all experiments.
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We used a silicone oil with kinematic viscosity 20 cSt, density 0.95 g/mL, surface tension 21 mN/m, and index of refraction 1.40 at 25
• C. The experiments with narrow and wide slits, respectively, were carried out using silicone oil from two different 1 L bottles (Sigma Aldrich). Droplets with well-controlled diameter D were made using a droplet-on-demand generator [35] . The forcing frequency was 80 Hz and a representative forcing amplitude was γ = 4.16 ± 0.01 g, where g is the acceleration due to gravity. The Faraday wavelength was 4.75 mm in the deep areas. We estimated the uncertainty in the forcing amplitude from its variation in uniformity over the central 60 × 60 mm 2 area. We checked the spatial uniformity of the acceleration amplitude threshold for Faraday surface waves γ F , and we measured calibration curves between γ F and the surface temperature using a Fluke 574 infrared thermometer and visual inspection of the surface. We determined γ F using our calibration curves to take into account the slow 1
• C temperature increase in each run sequence. The full temperature range for all run sequences was 21.5-24.3
• C, and we estimated the uncertainty in temperature to be ± 0.1
• C in each run. A representative threshold amplitude for Faraday surface waves was γ F = 4.22 ± 0.01 g.
The proximity to the threshold for Faraday surface waves is in the literature described by the amplitude ratio, α = γ /γ F , or the memory parameter,
, that provides a rough estimate of the number of earlier droplet impacts that contribute to the wave field [5, 7, 28] . The relative uncertainty σ −1 / −1 follows from propagation of errors, and it is proportional to −1 itself
where we have assumed that the relative uncertainties σ γ /γ and σ γ F /γ F are uncorrelated. Even small relative uncertainties in γ and γ F can therefore lead to large relative uncertainty in −1 . The relative uncertainty σ −1 / −1 should be less than unity to ensure that we are always working below the Faraday threshold. We find −1 = 70 ± 16 in our representative example, and −1 ≈ 50-100 is an upper limit on the memory parameter in our experiments. We note that
and our requirement, σ −1 / −1 < 1, is therefore equivalent to the requirement σ α < 1 − α, which should be considered if α is reported instead of −1 . We determined the instantaneous surface wave fields using the free-surface synthetic Schlieren technique [5, 10, 16, 36] . The technique relies on the refraction of a random dot-pattern that is observed through the surface. The height gradient field is determined from the observed displacement field of the dot-pattern relative to its reference image, and subsequently the height field is obtained by integration [37] . An 80 × 100 mm 2 area in the central part of the cell was observed from above using a digital video camera (Mako U-135B, spatial resolution 1024 × 1280 pixel) that was positioned 190 cm above the silicone oil surface. The videos were made at the Faraday wave frequency 40 Hz with exposure time 170 μs. We used the vibration exciter drive signal to trigger the recordings at the maximum height of the central wave crest corresponding to zero vertical displacement and downward motion of the cell. In the reconstruction procedure, we used 16 × 16 pixel interrogation windows with 75% overlap resulting in a height field with 0.31 × 0.31 mm 2 spatial resolution. The displacement field determination was carried out using the open source software PIVlab 2.02 [38] . To correct for a possible mean translation we subtracted the mean displacement from the displacement field [36] , we found only a negligible mean rotation [10] , and we subsequently applied a band-pass filter centered at the Faraday wavelength. We validated the technique using known optical glass components that were placed in the empty cell, and we estimated the uncertainty to be ± 3 μm. 
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III. RESULTS
We explored four different configurations, i.e., single-and double-slit experiments with narrow and wide slits, respectively. For each configuration we recorded approximately ten droplet passages with the same impact parameters. The droplet launcher directed the droplets with normal incidence toward the slit arrangements as in most previous experiments [15, 28] . We chose the impact parameters so that the droplets passed near the central barrier in the double-slit experiments to facilitate wave excitation in and through the slit that was not visited by the droplets. Furthermore, we worked at the highest values of the memory parameter that we could establish while remaining below the threshold for Faraday surface waves in a well-controlled manner. The higher the memory parameter is, the further the wave field extends spatially [5] , and the larger we presume that the influence will be of the slit that is not visited by the droplet.
The droplet trajectories, the speeds, and the central wave crest heights in the double-slit experiments show characteristic features and serve to illustrate the degree of reproducibility (Fig. 2) . The droplets were directed by the launcher toward the "upper" slit in the double-slit configuration. The droplets are deflected toward the center line when they enter the slit, and they exit from the middle half of the slit (Fig. 2) . It is well-documented that wave-driven droplets over flat topography typically move with constant velocity [4, 6] Fig. 2(f) ]. We presume that the differences in droplet speeds and central wave crest heights are due to differences in the properties of the silicone oil from the two different 1 L bottles used for the experiments with narrow and wide slits, respectively. During the passage of the narrow slits the droplet speed is reduced by a factor of two [26] , whereas the wide slits lead to a much less pronounced speed reduction during slit passage. The droplet speed and the height of the central wave crest during slit passage are closely correlated for both the narrow slits and the wide slits. The variability in the trajectories is similar to the variability in the previously reported single-slit trajectories with a comparable value of the memory parameter [28] . Characteristically the droplet trajectories follow each other closely until the local maximum in speed after slit passage is reached, and subsequently they are deflected with some spread in deflection angle. The cause of this characteristic behavior remains to be explained.
To illustrate the wave fields during slit passage we present measured time-series of wave fields in the single-and double-slit experiments (Fig. 3 and Supplemental Material, movies 1-4 [39] ). When the wave-driven droplet is approaching the double-slit, the wave field has the horseshoe-shape that is characteristic of a droplet over flat topography (Fig. 3) . Superposition of the wave field contributions from the earlier droplet impacts leads to an interference pattern with intense, transversal "wings" on both sides of the droplet trajectory [5, 7, 8] . The wing structures are easily visible up to five Faraday wavelengths from the droplet. The wave component in and through the slit that is not visited by the droplet is weak in the double-slit experiment with narrow slits (Fig. 3) . In contrast, the wave excitation in the slit that is visited by the droplet leads to a strong wave component up to four Faraday wavelengths in front of the droplet. We presume that this wave amplification underlies the local maximum in droplet speed after slit passage and the subsequent spread in deflection angle (Fig. 2) . The characteristics of the wave field during slit passage can be quantified by comparing the wave heights when the droplet is in the slit opening in the single-slit experiment with a narrow slit and the wave heights when the droplet is over flat topography and far from the subsurface barriers (Fig. 4) . We observe a slight reduction of the central wave crest and an amplification of the wave crests in front of the droplet when it is entering the slit [ Fig. 4(a) ]. When the droplet is leaving the slit, we observe a reduction of the central wave crest, an alteration of the wave field behind the droplet, and an amplification of the wave crests in front of it [ Fig. 4(b) ]. Similar characteristics can presumably be found with wave-driven droplets that move in linear channels [12] .
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To explore the interference hypothesis we contrast droplet trajectories and wave fields in the single-and double-slit experiments (Fig. 5) . In the narrow configurations we find that the trajectories (white curves) with the selected impact parameters are similar and within the range of variability observed for each individual configuration (Fig. 5, left panels) . The wave component in and through the slit that is not visited by the droplet is weak, and the wave fields around the droplets are similar in the two situations as shown by comparison of the wave fields when the droplet enters and leaves the slit, respectively. A qualitatively similar scenario is found for the wide configurations where we observe that the central barrier in the double-slit experiment shadows and hinders wave component excitation in the slit that is not visited by the droplet (Fig. 5, right panels) .
To quantitatively compare the wave fields in the single-and double-slit experiments we display the wave heights along the center line of the slit that is visited by the droplet (Fig. 6) . To test the interference hypothesis we focus on the wave heights when the droplets are entering the slit opening, and we show the wave heights along the center line since this is where the droplets move when exiting the slit opening. With both narrow and wide slits we find minute differences in the wave heights on the order of a few micrometer, and the differences are comparable with the differences between different realizations in the individual configurations.
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Both droplet trajectories and wave fields are affected significantly during slit passage, and in the single-slit configurations this leads to interesting droplet diffraction patterns [15, 28] . However, droplet trajectory and wave field are predominantly influenced by the slit that is visited by the droplet, and in the double-slit experiments the wave component in and through the slit that is not visited by the droplet is weak (Fig. 5) . Furthermore, the wave heights along the center line in the slit that is visited by the droplet show minute differences between the comparable single-and double-slit configurations regardless of the slit width (Fig. 6 ). These observations cast doubt on the interference hypothesis put forward by Couder and Fort in their double-slit experiment [15] .
The central barrier in the double-slit experiments hinders wave component excitation in the slit that is not visited by the droplet even in the wide configuration. We expect that at higher memory the wave field will also appear with the characteristic horseshoe-shape, and that wave field excitation will not take place through the slit that is not visited by the droplet when it moves with normal incidence. Our findings do not exclude different trajectories and single-particle statistics in comparable single-and double-slit experiments due to the slit that is not visited by the droplet, since wave field formation and structure on the droplet side of the slit arrangement can be influenced by the differences in boundary conditions [26] . Such effects can possibly account for the observed differences between the droplet trajectories in the comparable single-and double-slit experiments by Pucci, Harris, Faria, and Bush [28, Fig. 8 ].
We have focused on a particular choice of silicone oil, droplet diameter, liquid depth, slit geometries, and impact parameters, and we have worked with the highest value of the memory parameter that is possible with our degree of experimental control. It could be interesting to explore trajectories and wave fields in other experimental realizations, in particular at high values of the memory parameter at which it has been suggested that the droplet trajectories are chaotic [28] . Furthermore, we hope that theoretical models of diffraction of wave-driven droplets will be able to shed light on our presumptions, and that our wave field observations will help development and testing of such models.
